The P-element-induced wimpy testis (PIWI)-interacting RNA (piRNA) pathway plays a central role in transposon silencing and genome protection in the animal germline. A family of Tudor domain proteins regulates the piRNA pathway through direct Tudor domain-PIWI interactions. Tudor domains are known to fulfill this function by binding to methylated PIWI proteins in an arginine methylation-dependent manner. Here, we report a mechanism of methylation-independent Tudor domain-PIWI interaction. Unlike most other Tudor domains, the extended Tudor domain of mammalian Tudor domain-containing protein 2 (TDRD2) preferentially recognizes an unmethylated arginine-rich sequence from PIWI-like protein 1 (PIWIL1). Structural studies reveal an unexpected Tudor domain-binding mode for the PIWIL1 sequence in which the interface of Tudor and staphylococcal nuclease domains is primarily responsible for PIWIL1 peptide recognition. Mutations disrupting the TDRD2-PIWIL1 interaction compromise piRNA maturation via 3′-end trimming in vitro. Our work presented here reveals the molecular divergence of the interactions between different Tudor domain proteins and PIWI proteins.
T he Tudor domain belongs to the "Royal family" protein domains, which also include PWWP, MBT, Chromo, and plant Agenet domains (1) . Tudor domains recognize methylated arginine or lysine residues on target proteins and mediate proteinprotein interactions (2) (3) (4) . Characteristic of the Tudor domain is a barrel-like fold, consisting of four or five antiparallel β-strands, which normally harbors an aromatic cage capable of recognizing methylation marks. Tudor domain proteins can be classified as either methyllysine or methylarginine "readers" (2) . Survival motor neuron protein (SMN), Splicing factor 30 (SPF30), Tudor domaincontaining protein 3 (TDRD3), and the germline-specific Tudor domain-containing proteins (TDRDs) have been characterized as methylarginine-binders (5) (6) (7) (8) . Compared with the canonical Tudor domains of SMN and SPF30, the TDRD subfamily of Tudor proteins contains an extended Tudor (eTudor) domain. The eTudor domain contains flanking regions [i.e., a staphylococcal nuclease (SN) domain] extending the canonical Tudor domain, which together contribute to the recognition of methylarginine-containing ligands (9) (10) (11) . Previous studies also suggest that a complete fourresidue aromatic cage is essential for binding of methylarginine marks (8) .
P-element-induced wimpy testis (PIWI) proteins are an evolutionarily conserved subclade of Argonaute family proteins that are predominantly expressed in animal germ cells (2, 12) . PIWIinteracting RNAs (piRNAs) are typically 24-32 nt in length with essential roles in gametogenesis (12) . PIWI proteins associated with piRNAs silence transposable elements and thereby maintain genome integrity. The N terminus of the PIWI protein harbors RG/ RA-rich clusters (GAR motif), which are the substrates of the methyltransferase PRMT5 (13, 14) . TDRD proteins are found to interact with arginine methylated PIWI proteins and to regulate piRNA biogenesis (2, 5, 11, 15) . Mutations of TDRD1, TDRD2, TDRD4, TDRD9, or TDRD12 in mice have been shown to cause defects in piRNA production and spermatogenesis (16) (17) (18) (19) .
TDRD2 (TDRKH), a protein containing Tudor and K homology (KH) domains with enriched expression in the testis, is essential for spermatogenesis and male fertility. TDRD2-null mice are sterile and show meiotic arrest at the zygotene stage (17) . Previous studies show that TDRD2 interacts directly with PIWI proteins [PIWI-like protein 1 (PIWIL1), PIWIL2, and PIWIL4) and is an important component of the piRNA pathway (5, 14, 17) . Mutation of TDRD2 leads to the reduction of mature piRNAs and the accumulation of piRNA intermediates, indicating that TDRD2 has an essential role in piRNA precursor trimming (17) . Most recently, the 3′-5′ exonuclease PNLDC1 (called "Trimmer" in silkworms) was identified as a pre-piRNA trimming enzyme (20) whose activity is dependent on BmPAPI (the TDRD2 ortholog in silkworms). BmPAPI assists pre-piRNA trimming via recruitment of pre-piRNAloaded SIWI (silkworm PIWI) to Trimmer (20, 21) . Overexpression of BmPAPI, but not of Trimmer, accelerates the trimming reaction, indicating that BmPAPI is a limiting factor for piRNA maturation in silkworm cells.
Significance
Arginine methylation is a common posttranslational modification serving as an epigenetic regulator of gene transcription, pre-mRNA splicing, and PIWI-interacting RNA (piRNA) biogenesis. Methylarginine recognition is mediated by the aromatic cage of the Tudor domain. TDRD2-PIWI interactions are essential for piRNA biogenesis, but the biochemical and structural basis whereby TDRD2 recognizes PIWI proteins is not clear. We used crystallography and biochemical studies to show that TDRD2 binds to PIWI-like protein 1 (PIWIL1) in an arginine methylation-independent manner. Our complex structures revealed a binding mode by which the extended Tudor domain of TDRD2 recognizes PIWIL1 distinct from the canonical Tudor recognition mode utilizing an aromatic cage. Our results provide a paradigm for how Tudor proteins harboring an incomplete aromatic cage bind to PIWI proteins.
Here we systematically characterized the binding ability of the eTudor domains of various human TDRD members with the GAR motif peptide of PIWIL1. Intriguingly, we found that TDRD2 preferentially recognizes the unmethylated peptide with high affinity. We then determined both the apo structure of the extended Tudor domain of TDRD2 and its complex with a GAR peptide of PIWIL1. Structural analysis demonstrates that TDRD2 binds to the unmethylated PIWIL1 through multivalent interactions involving both the Tudor-SN interface and the incomplete aromatic cage. However, the TDRD2-PIWIL1 interaction is primarily mediated by the Tudor-SN interface, which is also in line with our piRNA 3′-end trimming results.
Results
Arginine Methylation-Independent TDRD2-PIWIL1 Interaction. To characterize the binding affinity and specificity of the eTudor domains of human TDRD members, we cloned and expressed the eTudor domains of all human TDRD members (TDRD1-TDRD12) in Escherichia coli (Fig. S1 ) and were able to obtain soluble and well-behaved proteins for most of these eTudor domains (Table S1 ). We then measured the binding affinities of these eTudor domains against a well-characterized PIWIL1 peptide in different methylation states (Fig. 1A) (5, 11) . As expected, the results showed that eTudor domains harboring a four-residue aromatic cage display selectivity toward the dimethylated arginine (Rme2) peptide over the monomethylated arginine (Rme1) and unmodified arginine (Rme0) peptides ( Fig.  S1 and Table S1 ). However, all eTudor domains with an incomplete aromatic cage (one to four substitutions of the aromatic cage residues) except TDRD2 exhibited weak or no binding for the PIWIL1 peptides. Surprisingly, unlike the binding preference of other reported eTudor domains, TDRD2 showed a binding preference for unmethylated over methylated peptides (Table S1 ). The binding affinity of TDRD2 to the unmethylated GAR peptide of PIWIL1 (R4me0) was 0.2 μM, 20-fold stronger than to the R4me2s peptide. Our isothermal titration calorimetry (ITC) data further confirmed that TDRD2 preferentially recognizes the unmethylated GAR motif (Fig. S2A) . To test whether an intact eTudor domain of TDRD2 is required for the binding of PIWIL1, we performed ITC binding experiments using truncated eTudor proteins and the PIWIL1 peptide and found that the canonical Tudor domain of TDRD2 does not show any interaction with the PIWIL1 peptide (Fig. S2B) . We further confirmed the requirement of the intact eTudor domain in PIWIL1 binding by coimmunoprecipitation experiments in HEK293T cells. We found that the eTudor domain but not the canonical Tudor domain efficiently coprecipitates with FLAG-tagged PIWIL1 (Fig. 1B, lanes  4 and 5) . Taken together, these results demonstrate that the intact eTudor domain of TDRD2 is essential for binding to PIWIL1, with a preference for unmethylated peptide.
Crystal Structure of the TDRD2 eTudor Domain. To understand the preferential recognition of unmethylated PIWIL1 by TDRD2, we solved the crystal structure of the TDRD2 eTudor domain (Table S2 ). There are two TDRD2 molecules in each asymmetric unit of our crystal structure, although TDRD2 behaves as a monomer in solution (Fig. S3) . The overall structure of the TDRD2 eTudor domain resembles other available eTudor domain structures, including those of Drosophila Tud11, murine TDRD1, and human SND1 (rmsd <2.04 Å) (9) (10) (11) . The eTudor domain of TDRD2 consists of a canonical Tudor domain and a SN domain, which are linked by a long α-helix (Fig. S4A) . The canonical Tudor domain adopts a four-stranded β-barrel topology (β3-β6), packing against a short α-helix (α2) (Fig. S4A ). The SN domain, which is split by the intervening canonical Tudor domain in sequence, folds into a single domain of five antiparallel β-strands (β1, β2, β7, β9, and β10) surrounded by two α-helices (α3 and α4) and two β-strands (β8 and β11). The Tudor domain interacts with the SN domain through β-strands (β1, β2 and β5, β6) (Fig. S4A ).
Crystal Structure of the TDRD2-PIWIL1 Complex. We next determined the crystal structure of the TDRD2 eTudor domain in complex with an unmethylated PIWIL1 peptide. Extensive attempts to cocrystallize TDRD2 with different peptides were not successful, so we generated a fusion construct in which the N-terminal PIWIL1 peptide is fused to TDRD2 using a linker to increase the local peptide concentration and the stability of the TDRD2-PIWIL1 complex during crystallization. We were able to crystallize the fusion construct, and the structure was determined to a resolution of 1.9 Å (Table S2 ).
The complex structure is similar to the apo structure with an rmsd value of 0.85 Å. Inspection of electron density maps revealed positive mFo-DFc peaks, suggesting the presence of a peptide. The electron density allowed us to build the residues G3-R12 of PIWIL1 into the model ( Fig. 1C and Fig. S4B ). Structural comparisons with other eTudor-PIWIL1 complex structures revealed that the unmodified PIWIL1 peptide bound to TDRD2 in a similar orientation as the PIWIL1-R4me2s peptide bound to SND1 (Fig. S5) (13) .
In the complex structure, the PIWIL1 peptide displays an extended conformation (Fig. 1C) . The binding cleft is predominantly negatively charged, in accordance with the positively charged nature of the ligand, indicating that the electrostatic interactions between TDRD2 and PIWIL1 play a major role in binding (Fig. 1D) . Consistent with this observation, TDRD2 displayed a nanomolar affinity (20 nM) for the PIWIL1 peptide at a lower salt concentration (25 mM NaCl) but suffered a 700-fold reduction in binding affinity (∼14 μM) at a higher salt concentration (500 mM NaCl) (Fig. S2B ).
Recognition Mechanism of PIWIL1 by TDRD2. The available eTudorligand structures demonstrate that the binding of eTudor domains to methylated GAR peptides shares similar structural features and that the aromatic cages of these eTudor domains play a key role in binding (9) (10) (11) . Surprisingly, the PIWIL1 peptide bound to TDRD2 in a distinct manner: The N terminus of the PIWIL1 peptide (G3-R8) is located in a unique groove created by the Tudor and SN domains, and the remainder of the PIWIL1 peptide (A9-R12) lies in the aromatic cage region ( Fig. 2A) .
Residues G3-R8 of the PIWIL1 peptide are sandwiched between the Tudor and SN domains. Specifically, G3 forms a hydrogen bond with the side chain of Glu316 of TDRD2 (Fig. 2B) . The guanidinium moiety of R4 forms a salt bridge with Asp385 of TDRD2. A5 is buried in a hydrophobic pocket formed by Ala314 and Trp322 of TDRD2. R6 and R8 form a network of salt bridges with Glu433, Asp437, and Asp440 of TDRD2. Therefore, residues from both the Tudor and SN domains contribute to the recognition of PIWIL1, explaining why the extended regions of the eTudor domain are required for binding of PIWIL1.
The C-terminal portion of the PIWIL1 peptide (A9-R12) is anchored in the aromatic cage of TDRD2 through salt bridges between R10 of PIWIL1 and Asp393, as well as the cation-π interactions between R10 of PIWIL1 and Tyr371, Phe388, and Phe391 of TDRD2 (Fig. 2C) . Additionally, the hydrogen-bonding interactions (G11-Trp448, R12-Asn338, and R12-Ser369) also contribute to the interaction between PIWIL1 and TDRD2. Taken together, the arginine-mediated salt bridge interactions between the GAR motif of PIWIL1 and TDRD2 play a significant role in the TDRD2-PIWI interactions.
The Tudor-SN Interface of TDRD2 Is Primarily Responsible for Binding of PIWIL1. To confirm the validity of the interactions observed from the complex structure, we introduced point mutations into TDRD2 for binding studies (Fig. 2D) . Substitution of the G3-interacting Glu316 with alanine reduced the binding affinity by fivefold. Mutating the R4-interacting Asp385 to alanine diminished the binding affinity by 100-fold. Mutating the A5-interacting Ala314 to glycine or Trp322 to alanine diminished the binding affinity by 10-and 190-fold, respectively. Substitution of R6-interacting residues (Glu433, Asp437, and Asp440) with alanine led to fourfold to 30-fold loss in binding. Likewise, mutating the R10-interacting residues (Asp393, Tyr371, Phe388, Phe391) to alanine resulted in a sevenfold to 36-fold reduction in binding affinity. However, substitution of G11-or R12-interating residues (Asn338, Ser369, and Trp448) with alanine had very little or no impact on binding. Taken together, the interaction between TDRD2 and PIWIL1 is more significantly compromised by the Tudor-SN interface mutations than by the aromatic cage mutations. On the other hand, the double mutant D385A/D393A exhibited totally abolished binding, suggesting that both binding sites are important for the TDRD2-PIWIL1 interaction (Fig. 2D) .
In addition, mutating any of the residues (Asp385, Asp393, or Asp440) to arginine, which form salt bridges with the PIWIL1 arginine residues, significantly reduced or disrupted the TDRD2 binding to the PIWIL1 peptides (Fig. 2D) . Substitution to arginine would reverse the charge of the negatively charged binding groove of TDRD2 and cause electrostatic repulsion with the PIWIL1 peptide, reinforcing the crucial role of the electrostatic interactions in the recognition of PIWIL1.
To explore the importance of the interacting residues within the PIWIL1 peptide, we synthesized a series of PIWIL1-derived mutant peptides and measured their binding affinity to TDRD2 by ITC (Fig. 2E) . Consistent with the TDRD2 mutation data, replacement of arginine in the Tudor-SN interface (R4, R6, or R8) with alanine significantly weakened the binding. Substitution of R10 with ananine also reduced the binding affinity by 10-fold. Mutating these arginine residues would disrupt its salt-bridge interactions with TDRD2. Consistently, methylation of these arginine residues would also disrupt its salt-bridge interactions with TDRD2, in agreement with our findings that arginine methylation of the GAR peptide reduces its binding to TDRD2 (Fig. S2A) . However, replacement of arginine with lysine was better tolerated than its replacement with alanine ( Fig. 2E) , further confirming that electrostatic contacts mediate the interaction between PIWIL1 and TDRD2 and also explaining why mutation of the potential methylarginine sites to lysine on SIWI does not fully abolish the BmPAPI-SIWI binding (20) (21) (22) . The methyl group of A5 of PIWIL1 fits tightly into a narrow hydrophobic pocket formed by Ala314 and Trp322 (Fig. 2B) . Therefore, residues bulkier than alanine would not be favored here. On the other hand, glycine substitution of A5 of PIWIL1, with the potential to lose the hydrophobic interaction, showed substantially diminished binding affinity for TDRD2 (Fig. 2E) . Introduction of bulky residues at G3 and G11 would also weaken the interaction due to steric constraints or changes in protein stability. Replacement of these glycines with alanines (G3A/ G11A/G15A) resulted in a 16-fold reduction of affinity (Fig. 2E ).
TDRD2 Specifically Binds to a GRAR Consensus Sequence. To generalize the binding motif of TDRD2, a random dodecapeptide phage-displayed library (2 × 10 10 unique members) was used to perform panning against TDRD2. The resultant phage pools were analyzed by sequencing, which yielded 20 unique phage clones (Fig. S6A) . Interestingly, the 20 unique peptides share a conserved GRAR motif (Fig. S6B) , which is in agreement with the N-terminal portion of the PIWIL1 sequence involved in TDRD2 binding in our complex structure and further confirms the importance of the PIWIL1-Tudor-SN interface interaction. The two top-ranked peptides were synthesized for ITC binding studies, which showed binding affinities comparable to those of the PIWIL1 peptide we used in this study (Fig. S6C) . Moreover, the selected phage clones showed significant cross-reactivity toward eTudor but not toward the single Tudor domain (Fig. S6D) , further demonstrating that intact eTudor domain is required for ligand binding.
Mechanistic Similarity and Diversity of Ligand Recognition Between
Mammalian TDRD2 and Silkworm BmPAPI. Our structural and in vitro binding assay revealed that the Tudor-SN interface of TDRD2 primarily contributes to the arginine methylation-independent interaction with PIWIL1. To validate this TDRD2-PIWIL1 interaction mode in cells, we generated full-length mouse TDRD2 mutants harboring a mutation in the Tudor-SN interface or the aromatic cage. We expressed these TDRD2 mutants together with mouse PIWIL1 (MIWI) in HEK293T cells and examined their interactions. In line with the in vitro binding assay (Fig. 2D) , all the mutants exhibited decreased interaction with MIWI (Fig. 3A) . Among these, D440R, a mutation in one of salt-bridging residues, significantly reduced the TDRD2-PIWIL1 interaction (Fig. 3A) , verifying the importance of the electrostatic interactions in the PIWIL1 binding.
In piRNA biogenesis, TDRD2 plays a critical role in the pre-piRNA trimming to generate mature piRNAs with optimal lengths (17, 20, 21) . To evaluate the functional importance of the arginine methylation-independent interactions between TDRD2 and PIWIL1, we performed a trimming assay using the abovedescribed TDRD2 mutants. To this end, we coexpressed the TDRD2 mutants and mouse PNLDC1 in HEK293T cells in which endogenous TRDR2 was depleted by RNAi. The cell lysate was incubated with MIWI-loaded ssRNAs for the trimming assay (20) . Compared with wild-type TDRD2, all the TDRD2 mutations attenuated pre-piRNA trimming activity (Fig. 3B) . Consistent with our ITC data and structural analysis, the Tudor-SN interface mutants (W322A, D385A/R, D440R) showed more severe impairment in pre-piRNA trimming than the aromatic cage mutant (D393A) (Fig. 3B) , suggesting that the Tudor-SN interface is more important for the recognition of PIWI proteins and efficient piRNA 3′-end trimming and maturation.
To determine if the TDRD2 recognition mode is conserved in other species, we next analyzed the interaction of BmPAPI (silkworm TDRD2) with SIWI (a silkworm PIWI protein). Previous studies reported that the BmPAPI recognizes the GAR motif of SIWI and facilitates pre-piRNA trimming by bridging SIWI and Trimmer (silkworm PNLDC1) (20, 21) . We performed ITC using the eTudor domain of BmPAPI and a GAR motifcontaining SIWI peptide. Unexpectedly, BmPAPI had a modest preference for the Rme2s peptide over the Rme0 peptide (Fig.  S7B) . Sequence alignment of the TDRD2 proteins from different species revealed the evolutionary conservation of the eTudor domains and some species-specific differences between human TDRD2 and BmPAPI (Fig. S7C) . The major difference is observed in the aromatic cage, where BmPAPI harbors a complete four-residue aromatic cage, suggesting that BmPAPI is an Rme2s binder. In agreement with this notion, the aromatic cage mutants of BmPAPI dramatically decreased the SIWI binding (Fig. 3C) . To confirm the above observations, we examined the ability of the BmPAPI mutants in the Tudor-SN interface and the aromatic cage to promote pre-piRNA trimming. While the aromatic cage mutations (Y315A and D343A) significantly impaired piRNA trimming, the Tudor-SN mutations (D335R, E402R and W262A) had less impact (Fig. 3D) . Thus, unlike mammalian TDRD2, the aromatic cage of BmPAPI is crucial for SIWI recognition and piRNA trimming. Nevertheless, mutation of the Tudor-SN interface also modestly impeded SIWI binding and piRNA trimming (Fig. 3 C and D) , suggesting that the Tudor-SN interface of BmPAPI plays a role in piRNA biogenesis as well. These results are consistent with the notion that arginine methylation is not a prerequisite for the recognition of SIWI by BmPAPI and piRNA trimming (20) (21) (22) and suggest that Rme2s would fine-tune the SIWI binding and piRNA trimming.
Molecular Basis of the Recognition of the Unmethylated PIWIL1
Peptide by the TDRD2 Aromatic Cage. In the complex structure, R10 of PIWIL1 is inserted into the incomplete aromatic cage of TDRD2 formed by Tyr371, Phe388, and Phe391 of TDRD2. This interaction is further strengthened by a salt bridge between R10 of PIWIL1 and Asp393 of TDRD2 (Figs. 2C and 4A) . ITC results showed that TDRD2 is involved in the arginine methylationindependent interaction. (Fig. S7A) . Consistently, the TDRD2-R10me0 complex is slightly more stable, with a melting temperature of 65.9°C compared with 65.1°C for the TDRD2-R10me2s complex (Fig. S8A ). This contrasts with the strong preference of TDRD1 and SND1 for GAR motif peptides bearing Rme2s modifications (10, 11) . Structural comparisons reveal that the aromatic cage of TDRD2 is smaller (8.4 Å) than those of TDRD1 and SND1 (8.9 Å and 8.7 Å, respectively) (Fig. 4 A-C) ; thus steric hindrance within the aromatic cage of TDRD2 might disfavor methylarginine binding. To validate the role of the R10me2s in the TDRD2-PIWIL1 interaction, we constructed the R10A, R10K, and 6RK (replacement of all of the six arginine residues with lysine) mutants of PIWIL1 and tested their binding with TDRD2 in HEK293T cells by coimmunoprecipitation. R10A and R10K only slightly weakened the interaction, and even 6RK retained a detectable binding ability to TDRD2 (Fig. 4D) . Thus, arginine methylation is not a prerequisite for the PIWIL1 recognition by TDRD2, whereas electrostatic interactions between TDRD2 and PIWIL1 play an important role in the PIWIL1-TDRD2 interaction.
It has been demonstrated previously that the intact fouraromatic-residue cage of the eTudor domain is essential for its interaction with Rme2-containing peptides (8) . Because TDRD2 has an incomplete aromatic cage due to Leu364 (Fig. S1B) , we mutated Leu364 to phenylalanine, but we did not observe the expected change in binding preference (Table S3) . Similarly, the L2058F mutation (aromatic cage residue) of Drosophila Tud9 does not restore methylarginine binding (23) . These results imply that additional structural differences also contribute to the methylarginine mark recognition.
First, the SN domain of TDRD2 bears a protruding loop spanning amino acids His444-Pro450 and pointing toward the aromatic cage (Fig. 4A) , suggesting that this loop might be involved in modulating the aromatic cage. In contrast, the corresponding loops in TDRD1 and SND1 are shorter and project away from the aromatic cage (Fig. 4 B and C) . Second, a glutamate residue is positioned at the entrance of the aromatic cage in both TDRD1 (Glu798) and SND1 (Glu770) (Fig. 4 B and C) and forms hydrogen bonds with the aromatic cage, thus stabilizing the aromatic cage. However, the corresponding position in TDRD2 is Gly395, which does not interact with the aromatic cage, potentially resulting in a more unstable aromatic cage. Therefore, the preferential recognition of unmethylated ligand by TDRD2 may be attributed to all three of these structural features. Consistent with the structural analysis, a triple mutant involving these three structural features (L364F, deletion of the protruding loop, and G394E) was found to convert the ligandbinding preference from Rme0 to Rme2s (Table S3) , together indicating that completion of a four-residue aromatic cage, a shortened loop, and a cage-stabilizing residue are determinants of selectivity for methylarginine recognition.
For BmPAPI, both the complete aromatic cage and the stabilizing glutamate residue (corresponding to Gly395 in human TDRD2) are present (Fig. S7C) . Although the protruding loop is conserved, there are two insertions flanking the protruding loop of BmPAPI (Fig. S7C) . These methylarginine-binding-specific structural features of BmPAPI may confer its preferential binding for methylarginine. However, the Tudor-SN interface also contributes to SIWI binding and piRNA trimming (Fig. 3 C and D) . Discussion TDRD2 physically associates with PIWI proteins and plays a central role in piRNA biogenesis, spermatogenesis, and male fertility (5, 17, 20, 21) . However, the molecular mechanism by which TDRD2 interacts and recruits PIWI proteins for piRNA biogenesis is poorly understood. In this study, we characterized the TDRD2-PIWIL1 interactions and verified the importance of the interactions for piRNA 3′-end trimming and maturation. The aromatic cage of TDRD2 appears to be less important than the Tudor-SN interface, as mutations of the aromatic cage had only minor effects on the PIWIL1-TDRD2 interaction (Fig. 2D) . Although human TDRD2 shares sequence homology with BmPAPI, the binding studies unexpectedly reveal that they have different binding preferences against methylated arginine. A triple mutation could convert human TDRD2 into a BmPAPIlike binder of Rme2s (Table S3) . However, even this TDRD2 mutant displayed weak selectivity for Rme2s. Thus, it is likely that additional structural differences contribute to the recognition of methylarginine PIWIL1.
Significance of Arginine Methylation-Independent TDRD2-PIWIL1 Binding for piRNA Trimming. Although a dozen TDRD proteins with eTudor domains have been identified in humans, only TDRD2 exhibits nanomolar affinity for the GAR motif of PIWIL1 regardless of the presence or absence of methylation marks (Table S1 ). The affinity of other TDRD proteins for PIWIL1 peptides is at least one order of magnitude lower. Therefore, the high-affinity interactions may provide TDRD2 with advantages in competing effectively with other TDRD members for PIWI protein binding. Although the R10me2s was better tolerated than R4me2s, TDRD2 and even its triple mutant with an intact aromatic cage showed no detectable binding to a single Rme2s residue by ITC (Fig. S8B) . In stark contrast, SND1 and other Rme2s-binding Tudor proteins can bind to the single Rme2s (8) , further suggesting that TDRD2 is not an Rme2s binder. Notably, mutating the aromatic cage residue Tyr371 to aspartate increased the binding by approximately threefold, but mutating the aromatic cage residue Phe388 to aspartate had no effect on the binding affinity compared with the WT (Fig. S8C) , strongly suggesting that the aromatic cage is not a prerequisite for PIWIL1 binding. TDRD2/BmPAPI plays conserved roles in piRNA maturation by facilitating the recruitment of PNLDC1/Trimmer to the pre-piRNA-loaded PIWI protein for 3′-end trimming. The interaction is mediated by the binding of the eTudor domain of TDRD2/BmPAPI to the arginine-rich N terminus of PIWIL1/SIWI. Our binding and structural results reveal that both human TDRD2 and silkworm BmPAPI are able to bind to the GAR motif of PIWI proteins with high binding affinity, while methylation of the arginine acts to fine-tune the binding affinity of the TDRD2-PIWIL1 (or BmPAPI-SIWI) interaction. It is conceivable that, to ensure the faithfulness of the important TDRD2-PIWIL1 interaction for piRNA trimming, constitutive protein-protein interaction is required. Therefore, a methylation-independent eTudor-binding mode should be favored to allow the constitutive TDRD2-PIWIL1 interaction. Here we show evolutionarily conserved arginine methylation-independent constitutive binding of TDRD2/BmPAPI to PIWIL1/SIWI, further highlighting the molecular basis for faithful trimming of piRNAs loaded on PIWI proteins.
A Common Recognition Mode for Unmethylated Arginine That Involves the Tudor-SN Interface. The negatively charged surface of the Tudor-SN interface in TDRD2 is primarily responsible for binding PIWIL1 (Fig. 1D) . It has previously been noted that, in addition to TDRD2, other eTudor proteins containing an incomplete aromatic cage are also involved in binding of PIWI proteins (2, 5, 14) . We wondered whether these eTudor proteins could bind to PIWI proteins in a methylation-independent manner. Indeed, the first eTudor domain of TDRD7 (TDRD7-1) exhibited a higher binding affinity for Rme0-containing than for Rme2s-containing PIWIL1 peptide (Fig. S9A and Table S1 ). Furthermore, the key residues of TDRD2 essential for PIWIL1 binding are conserved in TDRD7-1 (Fig. S9B) , because E596R mutation of TDRD7-1, which is equivalent to D440R mutation of TDRD2, nearly abolished the binding of PIWIL1 (Fig. S9A) . Thus, it is likely that the Tudor-SN interface recognition mode is conserved among at least a subgroup of eTudor domain proteins. Notably, the interface of BAH-PHD or Ankyrin-Chromo has also been reported to recognize unmodified ligands (24, 25) . For germline-specific TDRD family proteins, methylation-independent and methylation-dependent eTudor-PIWI interactions may act in a cooperative temporal-spatial fashion and together facilitate the formation of the piRNA machinery and optimal biogenesis of piRNAs.
Materials and Methods
All proteins used in this study were produced using a previously established method (11) . Crystals were obtained by the sitting-drop vapor-diffusion method at 18°C. Protein expression, purification, crystallization, structure determination, and biochemical assays are described in SI Materials and Methods.
